Background-Phase 1 clinical trials of granulocyte-colony stimulating factor (G-CSF) treatment after myocardial infarction have indicated that G-CSF treatment is safe and may improve left ventricular function. This randomized, double-blind, placebo-controlled trial aimed to assess the efficacy of subcutaneous G-CSF injections on left ventricular function in patients with ST-elevation myocardial infarction. Methods and Results-Seventy-eight patients (62 men; average age, 56 years) with ST-elevation myocardial infarction were included after successful primary percutaneous coronary stent intervention Ͻ12 hours after symptom onset. Patients were randomized to double-blind treatment with G-CSF (10 g/kg of body weight) or placebo for 6 days. The primary end point was change in systolic wall thickening from baseline to 6 months determined by cardiac magnetic resonance imaging (MRI). An independent core laboratory analyzed all MRI examinations. Systolic wall thickening improved 17% in the infarct area in the G-CSF group and 17% in the placebo group (Pϭ1.0). Comparable results were found in infarct border and noninfarcted myocardium. Left ventricular ejection fraction improved similarly in the 2 groups measured by both MRI (8.5 versus 8.0; Pϭ0.9) and echocardiography (5.7 versus 3.7; Pϭ0.7). The risk of severe clinical adverse events was not increased by G-CSF. In addition, in-stent late lumen loss and target vessel revascularization rate in the follow-up period were similar in the 2 groups. Conclusions-Bone marrow stem cell mobilization with subcutaneous G-CSF is safe but did not lead to further improvement in ventricular function after acute myocardial infarction compared with the recovery observed in the placebo group. The online-only Data Supplement can be found at http://circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.105.610469/DC1.
I n patients with acute ST-elevation myocardial infarction (STEMI), treatment with acute percutaneous coronary stent intervention (PCI) is the method of choice to reestablish coronary blood flow. Although normal epicardial blood flow is reestablished within a few hours after symptom onset, myocardial damage is usually unavoidable and may result in heart failure caused by adverse left ventricular remodeling. 1
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Animal studies indicate that treatment with bone marrow-derived adult stem cells after STEMI may regenerate myocardium by inducing myogenesis and vasculogenesis and improve left ventricular function. 2 Most clinical studies have used intracoronary infusion of bone marrow mononuclear cells during cardiac catheterization after acute STEMI. [3] [4] [5] However, the results are not conclusive, and the optimal route of stem cell administration remains to be determined.
Prolonged pharmacological mobilization of bone marrow stem cells with granulocyte colony stimulating factor (G-CSF) is an attractive alternative because the treatment is noninvasive and well known from clinical hematology. 6 Phase 1 clinical trials after myocardial infarction have indi-cated that G-CSF treatment is safe and may improve left ventricular function. [7] [8] [9] [10] However, none of these were doubleblinded and placebo-controlled trials; thus, the effect of G-CSF-induced mobilization of bone marrow-derived stem cells on left ventricular function remains unknown. 11 The aim of the present Stem Cells in Myocardial Infarction (STEMMI) trial was to asses, in a prospective, double-blind, randomized, placebo-controlled study, the efficacy of subcutaneous G-CSF injections on the regional and global left ventricular myocardial function in patients with STEMI and successful primary PCI.
Methods

Study Population
Seventy-eight patients with STEMI (62 men, 16 women; age, 56Ϯ8 years, meanϮSD) who had been treated successfully with primary PCI within 12 hours after the onset of symptoms were included in the study. STEMI was diagnosed from typical chest pain at rest lasting Ͼ30 minutes, the presence of cumulative ST-elevations Ͼ0.4 mV in Ն2 contiguous leads on a standard 12-lead ECG, and a significant rise in serum markers of myocardial infarction. Only patients who were between 20 and 70 years of age with a culprit lesion located in the proximal section of a large coronary artery branch, plasma creatine kinase-MB Ͼ100 g/L, or development of significant Q waves in the ECG were included. Exclusion criteria were prior myocardial infarction, significant stenosis in a nonculprit coronary vessel, ventricular arrhythmia after PCI requiring treatment, pregnancy, unprotected left main stem lesion, diagnosed or suspected cancer, New York Heart Association class 3 to 4 heart failure symptoms, or known severe claustrophobia.
The study was approved by the local ethical committee (KF 01-239/02) and the Danish Medicines Agency (2612-2225). All patients received oral and written information about the study and signed an informed consent before inclusion in the study.
Study Design
The STEMMI trial was a prospective, double-blind, randomized, placebo-controlled study allocating patients with acute STEMI in a 1:1 ratio after the primary PCI to G-CSF or placebo as a supplement to treatment according to guidelines. Randomization was done in blocks of 4 patients through the use of sequentially numbered, sealed envelopes. Patients received double-blinded treatment with either G-CSF (Neupogen, Amgen Europe BV, Breda, The Netherlands; 10 g/kg body weight) or a similar volume of placebo (isotonic sodium-chloride) as a subcutaneous injection once daily for 6 days.
The treatment was initiated from 1 to 2 days after the STEMI, and 78 patients were included from June 2003 to January 2005, as illustrated in Figure 1 . Four patients withdrew consent before completion of G-CSF/placebo treatment as a result of severe claustrophobia during the baseline magnetic resonance imaging (MRI). MRI was not feasible in another 16 patients because of claustrophobia or obesity; these patients remained in the trial and were followed up per protocol with echocardiography and clinical and invasive examinations. Three patients refused follow-up examinations.
The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
End Points
The prespecified primary end point was change in regional systolic wall thickening from day 1 to 6 months evaluated with cardiac MRI. Secondary end points were (1) change in ejection fraction, end-systolic and end-diastolic volumes, and infarct size by MRI and (2) change in ejection fraction and end-systolic and end-diastolic volumes by echocardiography. Safety end points were (1) death of any cause, reinfarction, and new revascularization; (2) other adverse events; (3) in-stent restenosis; and (4) changes in inflammatory parameters (C-reactive protein and erythrocyte sedimentation rate). The 30-day clinical safety data have been published previously. 12
Cardiac MRI
MRI was performed before and 1 and 6 months after inclusion. A detailed description of the method is available in the online supplement 1. In short, cine images and late contrast-enhanced images were obtained with a 1.5-T clinical scanner (Siemens Vision Magnetom, Siemens AG, Erlangen, Germany).
The independent core laboratory (Bio-Imaging Technologies BV, Leiden, the Netherlands) analyzed all examinations using the MRI-MASS version 6.1 (MEDIS Medical Imaging Systems, Leiden, the Netherlands). The core laboratory was blinded to all patient data and to the order of the follow-up examinations. The analyses of cardiac MRI have a low interobserver variability (3% to 6%); to reduce this variability even more, each analysis was quality controlled by a second MRI technician before final approval. Regional left ventricular function was assessed by systolic wall thickening in the infarct region, the border region, and normal myocardium. Relative systolic wall thickening was calculated as the difference between diastolic and systolic divided by the diastolic wall thickness.
Left ventricular end-diastolic volumes, end-systolic volumes, and myocardial mass were automatically calculated by the software. Infarct mass was quantified by selecting the signal intensity threshold of the hyperenhanced area. 
Echocardiography
Two-dimensional echocardiography was performed in 55 patients at baseline and after 6 months of follow-up. All patients were examined in the left recumbent position with a Vivid7 scanner (GE Medical Systems, Horten, Norway). Left ventricular volumes at end systole and end diastole were assessed by Simpson's biplane method. Left ventricular ejection fraction was assessed in multiples of 5% by visual assessment by 1 experienced echocardiogram reader blinded to all patient data.
Quantitative Coronary Angiography
All patients were scheduled to undergo coronary angiography and, if required, repeated PCI before the 6-month MRI follow-up. All coronary angiograms for quantitative coronary angiography (QCA) analysis were acquired after intracoronary injection of 0.2 mg glyceryl nitrate according to guidelines. The independent core laboratory (Bio-Imaging Technologies BV) performed the QCA analysis using the QCA-CMS version 5.3 software (MEDIS Medical Imaging Systems). Before analysis, the core laboratory conducted the standardized frame selection on the angiograms according to the worst view. The selected frames were end diastolic, showed minimal foreshortening, had no overlap, and had good contrast. All frame selections and QCA analyses were conducted according to established standard operating procedures. After each analysis, a second QCA technician performed the quality control before final approval. The QCA technicians were fully blinded to all patient data.
Analyses of Peripheral Blood
Samples of venous blood were obtained before the G-CSF/placebo treatment (baseline), at days 4 and 7, and at 1 month. The concentrations of CD34ϩ cells, CD45Ϫ/CD34Ϫ, and subpopulations in the peripheral blood were measured by flow cytometry as previously described. 13 Plasma concentrations of vascular endothelial growth factor A (VEGF-A) and stromal cell-derived factor 1 (SDF-1) concentrations were measured in duplicate by a colorimetric ELISA kit (R&D Systems, Minneapolis, Minn). The lower limits of detection were 10 pg/mL for VEGF-A and 18 pg/mL for SDF-1.
Statistical Analysis
The pretrial power calculation showed that a sample size of 50 would yield an expected power of Ͼ90% to detect a difference of 15 percentage points between the treated and the placebo groups, with a 2-sided significance level of 0.05, and an assumed standard deviation of 15 percentage points for the systolic wall thickening change from baseline to 6 months in both groups. To allow for 33% dropout and claustrophobia or difficulties with breathholding during the very early baseline MRI, we decided on a sample size of 78 patients. Analyzes were performed on an intention to treat basis. The effects of the G-CSF treatment were analyzed in a 2-factor ANOVA with repeated measures as a within-subject factor and treatment group as a between-subjects factor or Student's t test comparing changes from baseline to 6 months follow-up in the G-CSF and placebo groups.
Subgroup analyses were not prespecified but based on recent results from the Reinfusion of Enriched Progenitor cells And Infarct Remodeling in Acute Myocardial Infarction (REPAIR-AMI) trial. 3 Analyses were performed with SPSS (version 12.0, SPSS Inc, Chicago, Ill). The level of statistical significance was set at PϽ0.05, except for the subgroup analyses (see online-only Data Supplement Table) , for which significance was set at PϽ0.01 to account for multiple testing.
Results
The clinical and angiographic characteristics of the study population are shown in Table 1 . The groups were homogeneous with a trend toward more smokers and slightly longer time from symptom onset to primary PCI in the placebo group. All patients received optimal medical treatment in the follow-up period ( Table 1) . Subcutaneous G-CSF or placebo was initiated 10 to 65 hours (with 85% initiated Ͻ48 hours) after the primary PCI, resulting in a rapid parallel mobilization of leukocytes and CD34ϩ cells into the peripheral circulation in the G-CSF group (Figure 2A ), whereas the cells remained unchanged or decreased slightly in the placebo group. In addition, treatment with G-CSF resulted in mobilization of a mesenchymal stem cell line CD45Ϫ/CD34Ϫ cells expressing the SDF-1 receptor CXCR-4 and the VEGF receptor 2 ( Table 2) .
The plasma concentration of SDF-1 increased rapidly and significantly within the first days after the STEMI in the placebo group and remained elevated in the first month ( Figure 2B ). In contrast, SDF-1 was unchanged during G-CSF treatment and increased significantly at the 1-month follow-up. VEGF-A fluctuated nonsignificantly without differences between the placebo and G-CSF groups ( Figure 2C ).
Treatment Effect of G-CSF on Left Ventricular Function
Change in systolic wall thickening in the infarct area from baseline to the 6-month follow-up did not differ significantly between the placebo and G-CSF groups (17Ϯ32 versus 17Ϯ22 percentage points; Figure 3A and 3D) . The corresponding changes in systolic wall thickening in the infarct border zone (Figure 3B and 3D) and in noninfarcted normal myocardium ( Figure 3C and 3D) tended to be lower in the G-CSF group (8Ϯ23 and Ϫ2Ϯ30 percentage points) com-pared with the placebo group (23Ϯ23 and 19Ϯ38 percentage points). However, these differences can be attributed to differences in the baseline values because the values were similar in the 2 groups at the 6-month follow-up.
No significant differences were identified between the 2 groups in terms of end-diastolic volume, end-systolic volume, left ventricular mass, and left ventricular ejection fraction derived from the MRI examinations ( Figure 4) . These results are further confirmed by similar changes in the placebo and G-CSF groups measured with echocardiography ( Figure 5 ). In addition, baseline measures of global left ventricular morphology and function were very similar in the 2 groups ( Table 3 ). The homogeneity of left ventricular ejection fraction changes measured with MRI between the placebo and G-CSF groups was consistent in a number of subgroups analyzed (Data Supplement Table) .
The initial infarct size measured by late contrast enhancement MRI was similar in the G-CSF (median, 8 g; range, 1 to 31 g) and placebo (median, 9 g; range, 1 to 37 g) groups. The infarct sizes were unchanged in the 2 groups from baseline to the 6-month follow-up ( Figure 6A ). Similar results were found for infarct size in percent of left ventricular mass ( Figure 6B ).
Safety of Treatment With G-CSF Soon After STEMI
G-CSF treatment was well tolerated, with a trend toward more patients in the G-CSF group reporting mild to moderate musculoskeletal pain (Table 4 ) during the treatment. No patients withdrew consent because of this side effect. C-reactive protein and erythrocyte sedimentation rates were analyzed as markers of inflammation. C-reactive protein was elevated similarly at baseline in the 2 groups (median, 17 and 19 mg/L) and subsequently normalized in the placebo group, whereas the concentration increased slightly during G-CSF treatment (median at day 4, 34 mg/L; at day 7, 22 mg/L) but had normalized at the 1-month follow-up (G-CSF treatment effect, Pϭ0.07). Blood sedimentation rates showed a similar pattern in the G-CSF and placebo groups (Pϭ0.2). 
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As previously reported, 12 there were 2 in-hospital major adverse cardiac events (Table 4 ). One patient in the placebo group progressed into cardiogenic shock after the primary PCI and died 2.5 days later, despite aggressive treatment (intra-aortic balloon pump, dialysis, and ventilator therapy). At the time of death, the patient had received a total of 2 injections of placebo.
One patient in the G-CSF group had subacute stent thrombosis 2 days after the primary PCI. The patient initially had a thrombotic total occlusion of the distal right coronary artery, which was treated with a bare metal stent (18ϫ4 mm), resulting in TIMI grade 3 flow. Forty-eight hours later, the patient had recurrent chest pain and reelevation of the ST-segment on the ECG but no recurrent increase in biochemical markers. An acute angiogram showed thrombotic occlusion at the proximal edge of the stent. This occlusion was treated with a new stent implantation. TIMI grade 3 flow was restored, and there was complete ST resolution. The subacute stent thrombosis occurred Ϸ6 hours after the first subcutaneous injection of G-CSF.
No sustained ventricular arrhythmias were detected during in-hospital telemetric monitoring. No additional death, reinfarction, or stent thrombosis occurred in the follow-up period (Table 4 ). However, 2 patients in the placebo group were referred for heart surgery. One patient had mitral valve repair, and 1 patient underwent coronary artery bypass surgery as a result of progressive symptoms of coronary artery disease.
Coronary angiograms were obtained in 31 placebo (80%) and 35 G-CSF (90%) patients on average 5 months after the initial PCI. Target vessel revascularization was performed in 8 patients (12%) in relation to the angiographic follow-up (4 patients in the placebo group, 4 in the G-CSF group; Pϭ1.0), whereas non-target vessel revascularization was performed in 4 (13%) patients in the placebo group and 2 (6%) in the G-CSF group (Pϭ0.4) ( Table 4 ). The results of the quantitative coronary angiography are shown in Table 5 ; 5 angiograms were not analyzable for technical reasons. There were no differences between groups at baseline and at follow-up. 
Discussion
This first double-blind, randomized, placebo-controlled trial demonstrated that subcutaneous G-CSF mobilization of bone marrow stem cells had no effect on left ventricular myocardial function or infarct size after STEMI treated with primary PCI. However, treatment with G-CSF seemed safe and well tolerated.
G-CSF is a potent hematopoietic cytokine that increases the production of granulocytes and is involved in mobilization of granulocytes and stem and progenitor cells from the bone marrow into the blood circulation. 14 The mobilization process is not fully understood but is mediated through enzyme release, leading to digestion of adhesion molecules, and through trophic chemokines; SDF-1 and its receptor CXCR-4 seem of paramount importance. 15 Animal studies and phase 1 clinical trials have suggested a beneficial effect of G-CSF on left ventricular function after myocardial infarction. Orlic et al 2 reported favorable results after stem cell mobilization with G-CSF and stem cell factor in mice with acute myocardial infarction. A recent experiment with G-CSF after reperfused myocardial infarction in rabbits showed an improvement in left ventricular ejection fraction and reduced remodeling. 16 Kuethe et al 8 compared 14 patients treated with G-CSF 2 days after STEMI with 9 patients who refused G-CSF treatment. The treated group had a nonsignificantly higher increase in ejection fraction compared with the control group.
Similar results were found in a single-blinded, placebocontrolled study including 20 patients 1.5 days after STEMI. 7 The Front-Integrated Revascularization and Stem Cell Liberation in Evolving Acute Myocardial Infarction by Granulocyte Colony Stimulating Factor (FIRSTLINE-AMI) trial was a phase 1 randomized, open-label trial of 50 patients. G-CSF treatment was initiated 1.5 hours after STEMI. The control group did not receive placebo. The trial suggested improvement in left ventricular function with enhanced wall thickening, improvement in ejection fraction, and no change in end-diastolic diameter. The control group had less systolic wall thickening, decreased ejection fraction, and increased end-diastolic diameter. 9 Thus, several studies support the efficacy of G-CSF treatment after STEMI, suggesting an improvement in ejection fraction of 6% to 8%, improved systolic wall thickening in the infarct zone, and unchanged end-diastolic volume. When our results, analyzed by a blinded, independent core laboratory, are reviewed, it is remarkable that the changes in our G-CSF group are comparable to the results of previous nonblinded phase 1 studies, whereas there are major differences in the control/placebo groups. The changes in global left ventricular function in the placebo group we report are comparable to those of the MRI study by Baks et al, 17 who found an increase in ejection fraction of 7%, an unchanged end-systolic volume, and a small increase in end-diastolic volume following primary stent PCI after STEMI. Thus, an important finding of our trial is the prominent effect of primary stent PCI on left ventricular function in the treatment of STEMI. These findings emphasize the need for caution in the interpretation of positive results of phase 1 G-CSF trials.
Possible explanations for the absence of an additional improvement in left ventricular function, despite a very significant G-CSF mobilization of CD34ϩ and CD45Ϫ/ CD34Ϫ mononuclear cells with the potential for homing to the necrotic areas, are lack of homing signals from the myocardium, too low a dose of G-CSF, wrong timing of the treatment, mobilization of inactive subsets of stem cell populations, and use of inappropriate end points.
Plasma concentration of stromal cell-derived factor-1 (SDF-1) is known to increase rapidly during the first week after a myocardial infarction and to reach a maximum concentration after 3 weeks, 18 which is in concordance with our findings in the placebo group. The SDF-1 expression is thought to play a crucial role in induction of stem cell engraftment to ischemic tissue. 19 However, we found an unchanged concentration of SDF-1 during the G-CSF treatment. This could be due to an inhibition of production of homing signals from the myocardium or to the consumption of SDF-1 by cells that engrafted to the infarcted myocardium. In addition, the quantity of membrane-bound SDF-1, which may be the key mediator of homing, was unknown.
Our trial was not designed to investigate either the optimal dose or the optimal time point for G-CSF treatment. The treatment regimen resulted in a maximum concentration of CD34ϩ mononuclear cells 4 to 7 days after the STEMI, which corresponds well to the recent results from the REPAIR-AMI trial that indicated that the optimal time for intracoronary infusion of bone marrow mononuclear cells is day 5 to 6 after the infarction. 3 However, considering that plasma SDF-1 and VEGF-A reach a maximum 3 weeks after the infarction, one can speculate whether G-CSF treatment should have been postponed until this period. In contrast, a recent study in mice has indicated that G-CSF inhibits apoptosis of cardiomyocytes by directly affecting the cells rather than through mobilization of bone marrow cells. 20 The study further indicated that the antiapoptotic effect of G-CSF was significantly reduced if treatment was delayed to 3 days after the infarction. 20 This concept is interesting because the FIRSTLINE-AMI treated patients 1.5 hours after the STEMI and found an improvement in left ventricular function. 9, 10 We can only speculate if the difference in time to G-CSF can account for some of the difference in outcome. We studied a homogeneous patient population without numerous factors that would tend to confound the results, but this has probably also led to exclusion of high-risk patients who would potentially benefit most from the treatment. Only patients with a significant rise in biochemical markers or an ECG indicating a large myocardial infarction were included. In addition, we had an upper age limit of 70 years because several previous trials have indicated that the mobilization of CD34ϩ cells decreases with increasing age. 21 To further increase the power of our study, we chose regional myocardial function rather than global myocardial function as a primary end point. Thus, we consider the present findings very "robust" despite the discrepancy in results when compared with previous uncontrolled or unblinded phase 1 G-CSF trials, but we cannot exclude the possibility that the trial has been underpowered to detect a very small difference. The complex interaction between stem cell mobilization and cytokines remains poorly understood, and the results do not exclude the possibility that G-CSF could be part of a treatment strategy combing several cytokines and/or local stem cell delivery in future trials.
Safety
The trial indicates good short-term safety with G-CSF treatment. The subcutaneous injections were well tolerated, with few patients experiencing mild musculoskeletal pain. There were no indications of excessively increased progression of atherosclerosis in the G-CSF group by angiography and no deaths or myocardial infarctions in patients treated with G-CSF. We found no indications of clinical significant change in blood viscosity caused by the increase in white blood cell count. This is in concordance with the unaltered viscosity measured in the FIRSTLINE-AMI trial. 9 Noteworthy, as in recent trials 7, 9 we found no evidence of clinically important worsening of myocardial inflammation despite increases in inflammatory markers in patients treated with G-CSF. This is in agreement with our findings for G-CSF treatment in patients with chronic myocardial ischemia. 22 We cannot exclude the possibility that G-CSF may have contributed to the 1 case of subacute stent thrombosis observed; however, we find this possibility very unlikely because of the short time period between the first subcutaneous injection of G-CSF and the occurrence of the stent thrombosis.
Target vessel revascularization as a result of restenosis and late lumen loss in the G-CSF and placebo groups was low and within the expected range, considering the low proportion of diabetics in the patient cohort, typical for a Scandinavian cohort. 23, 24 Thus, the present coronary angiographic data analyzed by an independent core laboratory, combined with similar recent trials, [7] [8] [9] 25 argue strongly against speculations that G-CSF might enhance the restenosis process, as previously suggested. 26 Further examination of safety should include treatment of more patients and a longer follow-up.
In conclusion, subcutaneous injections of G-CSF soon after STEMI treated with primary PCI was well tolerated and seemed safe. However, there was no additional G-CSF treatment effect on the prespecified primary end points, addressing regional myocardial function, compared with the substantial recovery found in the placebo group. In addition, secondary end points of global left ventricular function and infarct size were unaffected by the G-CSF treatment. The discrepancy in results between previous open-label and this double-blind, placebo-controlled study seems to underscore the need for blinding and for placebo controls in the evaluation of new, potentially angiogenic, stem cell therapies.
